Introduction
============

The regulation of gating and ion conduction in inward rectifier K^+^ (Kir) channels is fundamental to their physiological functions, such as the control of the deep resting membrane potential and cell excitability ([@B1][@B2][@B3]). The Kir channel is a tetramer with two structurally and functionally distinct transmembrane and cytoplasmic domains ([@B4][@B5][@B6]). The association of phosphatidylinositol-(4,5)-bisphosphate (PIP~2~)[^3^](#FN2){ref-type="fn"} with the cytoplasmic domain of Kir channels causes channel activation ([@B7][@B8][@B9]). However, the G protein-gated Kir (K~G~) channels also require either G protein βγ subunits (Gβγ) ([@B2], [@B10][@B11][@B12]) or intracellular Na^+^ ([@B13], [@B14]) for their activation. The binding of either Gβγ or Na^+^ is thought to evoke conformational changes in the cytoplasmic domain of K~G~ channels, which results in an increase in the channel sensitivity to PIP~2~, leading to channel opening ([@B7], [@B15], [@B16]). Thus, in the absence of either Gβγ or Na^+^ and in contrast with other Kir channels, K~G~ channels are relatively insensitive to PIP~2~.

The crystal structures of whole Kir channels ([@B4][@B5][@B6], [@B17]) and parts of Kir channels ([@B18][@B19][@B20]) have provided valuable insights into the distribution of amino acids essential for the interaction with PIP~2~ ([@B16], [@B21][@B22][@B23]), Gβγ ([@B24][@B25][@B26]), and Na^+^ ([@B16], [@B27][@B28][@B29]). Furthermore, a series of crystal structures of the bacterial homologue Kir channel, KirBac3.1, reveals that the channel undergoes subunit rearrangement at the cytoplasmic domain accompanied by the alteration in the interaction between the N and C termini ([@B17]). However, the mechanism(s) underlying the specific regulation of K~G~ channel activity and the ligand-induced conformational changes remained to be clarified.

To address these questions, we determined the crystal structure of the cytoplasmic domain of the homotetrameric K~G~ channel subunit Kir3.2 in the absence of Na^+^ and performed the mutational analysis. The activator-free Kir3.2 possesses an ionic bond, which connects the N terminus (His-69) and the CD loop (Asp-228) of the C terminus. Because these residues are conserved within K~G~ channel family subunits, this ionic bond seems to stabilize the closed state by preventing conformational changes in the cytoplasmic domain. The corresponding residues to His-69 and Asp-228 are known to be responsible for respective Gβγ-dependent ([@B25]) and Na^+^-dependent activation ([@B16], [@B27], [@B28], [@B30]). Furthermore, the CD loop of Kir channels has residues important for PIP~2~-dependent activation ([@B16], [@B21][@B22][@B23]). Therefore, the disruption of the bond is a common mechanism for the different activators to trigger channel opening by allowing the cytoplasmic domain to change its conformation and promoting the association with PIP~2~.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Crystallization, Data Collection, and Model Building of Cytoplasmic Domain of Kir3.2

The longest isoform of mouse Kir3.2 (Kir3.2c) is made up of 425 amino acids with two more amino acids on the N terminus compared with human Kir3.2. Therefore, His-69 and Asp-228 in mouse Kir3.2 correspond to His-67 and Asp-226 in human Kir3.2, respectively ([@B27]). The concatemer of cytoplasmic N and C termini of Kir3.2 (amino residues 53--74 and 200--381, respectively) was expressed in bacteria and purified without the addition of Na^+^ as described previously ([@B20]). Crystals were grown by vapor diffusion at 4 °C by mixing equal volumes of protein solution (5 mg/ml) and reservoir solution of 7.5--12.5% (v/v) ethanol, 0.1 [m]{.smallcaps} imidazole HCl (pH 8.0), 100 m[m]{.smallcaps} MgCl~2~, and 10--30 m[m]{.smallcaps} spermine. Crystals were immersed in reservoir solution supplemented with 25% (v/v) glycerol for cryoprotection. The data were collected at the BL41XU beam line at the SPring-8. Crystals belong to the space group *I*422 with cell dimensions *a* = *b* = 81.943 Å and *c* = 172.769 Å. The data were indexed and scaled using the HKL2000 suite ([@B31]). The initial phase was determined by molecular replacement using the coordinates of the cytoplasmic domain of Kir3.2 (Protein Data Bank code [2E4F](2E4F)) ([@B20]). Model refinement was carried out with programs in the CCP4i suite ([@B32]). The statistics of the crystallographic analyses are presented in [Table 1](#T1){ref-type="table"}. The illustrations of the structures were prepared using PyMOL (DeLano Scientific).

#### Electrophysiological Analyses

The cDNA of mouse Kir3.2d ([@B33]) were subcloned into the expression vector pcDNA3 (Invitrogen) and transfected with porcine m~2~-muscarinic receptor into HEK293T cells with Lipofectamine (Invitrogen). Point mutations were introduced using a QuikChange site-directed mutagenesis kit (Stratagene), according to the manufacturer\'s instructions. Mutations were confirmed with direct DNA sequencing. Inward Kir currents were recorded at a holding potential of −100 mV in excised inside-out patches using a patch clamp amplifier (Axopatch 200A, Axon Instruments). The current was low pass-filtered at 1 kHz and digitized at 10 kHz. Glass pipettes had resistances of 2.5--3.5 megohms when filled with pipette solution. The pipette solution contained 135 m[m]{.smallcaps} KCl, 1 m[m]{.smallcaps} CaCl~2~, 1.6 m[m]{.smallcaps} MgCl~2~, 5 m[m]{.smallcaps} HEPES, and 5 μ[m]{.smallcaps} acetylcholine, and the bath solution was composed of 135 m[m]{.smallcaps} KCl, 5 m[m]{.smallcaps} EGTA, 2 m[m]{.smallcaps} MgCl~2~, and 5 m[m]{.smallcaps} HEPES. PIP~2~ (Sigma-Aldrich) dissolved in chloroform was stored at −20 °C. Before the experiment, an aliquot of PIP~2~ solution was evaporated with a flow of argon gas and dissolved in the bath solution by sonication for 2--3 min. Solutions containing 2 m[m]{.smallcaps} K~2~ATP were prepared freshly each day. The pH of all solutions was adjusted to 7.35 with KOH prior to the experiments. Because the perfusion of NaCl did not shift the zero current level recorded in the presence of 10 μ[m]{.smallcaps} CdCl~2~, NaCl was added to the bath solution without compensation for changes in the osmolarity and ionic strength. All experiments were performed at ambient temperature (23--25 °C). The data are expressed as means ± S.E. Statistics were performed using Student\'s *t* test.

RESULTS
=======

### 

#### Differences in Conformation between Kir3.2 Structures Obtained in Presence and Absence of Na^+^

The concatemer of polypeptide segments of cytoplasmic N and C termini of Kir3.2 ([Fig. 1](#F1){ref-type="fig"}*A*) was expressed and crystallized in the absence of Na^+^ (Na^+^-free Kir3.2). The structure was solved by the molecular replacement method with the Kir3.2 structure obtained in the presence of Na^+^ (Na^+^-plus Kir3.2) as a search model ([@B20]). The electron density was continuous enough to trace CD and LM loops, which were partially disordered in the Na^+^-plus structure. The solution was brought to crystallographic refinement. Data collection and refinement statistics are presented in [Table 1](#T1){ref-type="table"}.

![**Molecular architecture of Kir3.2 cytoplasmic domain in the absence of Na^+^.** *A*, schematic presentation of Kir3.2. Both N and C termini of Kir3.2 are exposed to cytoplasm flanked by a transmembrane domain composed of slide, M1, pore, and M2 helices. The concatemer of the N and C termini of Kir3.2 (residues 53--74 and 200--381, respectively) comprises the soluble cytoplasmic core region. The region subjected for crystallization is colored *yellow*, and amino acids critically involved in the interaction between the N (*N*) and C (*C*) termini are indicated by *red circles. B*, monomer architecture of Kir3.2. A ribbon model of a monomer of the cytoplasmic domain of Kir3.2 in the absence of Na^+^ (*pink*) is presented with the position of the β strands. The Cα positions of the residues prior to or following the disordered region connecting the N (*N-ter*) and C (*C-ter*) termini are indicated by *spheres. C*, comparison of two Kir3.2 structures. Kir3.2 structure in the presence of Na^+^ (*blue*) is superimposed onto the Na^+^-free structure (*pink*). The βA strand is only observed in the Kir3.2 structure in the presence of Na^+^. The enlarged view shown in [Fig. 2](#F2){ref-type="fig"} is indicated by the *square*.](zbc0531041010001){#F1}

###### 

**Summary of x-ray diffraction data for the cytoplasmic domain of Kir3.2 in the absence of Na^+^**

  ----------------------------------------------------------------------------------------- --------------------------------------------------------
  **Data collection statistics**                                                            
      Space group                                                                           *I*422
      Unit cell dimensions                                                                  *a* = *b* = 81.943 Å, *c* = 172.769 Å; α = β = γ = 90°
      No. per a.u.[*^a^*](#TF1-1){ref-type="table-fn"}                                      1
      Wavelength (Å)                                                                        1.00
      Resolution (Å)                                                                        2.2
      Total observation                                                                     145,544
      Unique observation                                                                    14,563
      *R*~merge~ (%)*^[b](#TF1-2){ref-type="table-fn"},[c](#TF1-3){ref-type="table-fn"}^*   6.3 (62.9)
      Completeness[*^c^*](#TF1-3){ref-type="table-fn"}                                      99.4 (98.2)
      *I*/σ(*I*)[*^c^*](#TF1-3){ref-type="table-fn"}                                        61.0 (2.7)
      Redundancy[*^c^*](#TF1-3){ref-type="table-fn"}                                        9.5 (9.1)
                                                                                            
  **Refinement statistics**                                                                 
      Resolution (Å)                                                                        30-2.2
      *R*~work~ (%)[*^d^*](#TF1-4){ref-type="table-fn"}                                     19.8
      *R*~free~ (%)[*^e^*](#TF1-5){ref-type="table-fn"}                                     23.6
      No. of protein atoms                                                                  1574
      No. of water molecules                                                                140
      Average B value                                                                       
          Overall                                                                           31.8
          Main                                                                              29.7
          Side chain/water                                                                  33.5
      r.m.s.d.                                                                              
          Bonds (Å)                                                                         0.012
          Angles                                                                            1.27°
      Ramachandran plot[*^f^*](#TF1-6){ref-type="table-fn"}                                 88.6/11.4/0/0
  ----------------------------------------------------------------------------------------- --------------------------------------------------------

*^a^* a.u. represents the number of protein molecules per asymmetric unit. r.m.s.d. represents root mean square deviation.

*^b^ R*~merge~ = Σ*~h~*Σ*~i~*(\|*I~i~*(*h*)\| − \|〈*I*(*h*)〉\|)/Σ*~h~*Σ*~i~I~i~*(*h*), where *I~i~*(*h*) is the observed intensity and 〈*I*(*h*)〉 is the mean intensity observed from multiple measurements.

*^c^* Values in parentheses define the resolution range at the highest shell of data.

*^d^ R*~work~ = Σ‖*F~o~*\| − \|*F~c~*‖/Σ\|*F~o~*\|, where *F~o~* and *F~c~* denote observed and calculated structure factors, respectively.

*^e^* Five percent of the reflections were set aside for the calculation of the *R*~free~ value.

*^f^* Shown is the percentage of amino acids that distribute in most favored/allowed/generous/disallowed regions of Ramachandran plot.

The cytoplasmic domain of the Na^+^-free Kir3.2 is a β strand-rich immunoglobulin-like domain ([Fig. 1](#F1){ref-type="fig"}*B*, *left panel*). The positions of backbone Cα atoms in the Na^+^-free Kir3.2 structure are similar to those in the Na^+^-plus Kir3.2 (root mean square deviation, 2.0 Å) ([Fig. 1](#F1){ref-type="fig"}*B*, *right panel*). A large difference in the region connecting N and C termini and small differences in CD, DE, HI, and LM loops contribute to an increase (271 Å^2^) in the buried surface area between subunits in the tetrameric assembly of the Na^+^-free Kir3.2. However, there was no apparent difference in the subunit interaction between the two Kir3.2 structures. The top of the cytoplasmic pore consists of HI loops from four subunits. This loop is positioned differently in different Kir channels, and it is thought to function as a part of the gate ([@B5], [@B19]). Both of the Kir3.2 crystal structures possess a wide opening at the entrance of cytoplasmic pore, enough to allow partially hydrated cations to pass through the pore.

A prominent difference between the two Kir3.2 structures is observed at the interface between the N and C termini ([Fig. 1](#F1){ref-type="fig"}*B*, *square*). The side chain position of Asp-228 in the Na^+^-plus Kir3.2 is equivalent to that in other Kir channel structures ([Fig. 2](#F2){ref-type="fig"}*A*) ([@B4][@B5][@B6], [@B17][@B18][@B19], [@B34]). However, the Cγ atom of the carboxyl group of Asp-228 in Na^+^-free Kir3.2 was rotated counterclockwise by ∼70 ° compared with that in the Na^+^-plus Kir3.2. The positions of a carboxyl group of Asp-228 and a water molecule (*wat2* in *A*) in the Na^+^-plus Kir3.2 were substituted by a water molecule (*wat1* in *B*) and a carboxyl group of Asp-228, respectively, in the Na^+^-free Kir3.2. This unique side chain position of Asp-228 in the Na^+^-free Kir3.2 suggests that the pivoting movement of Asp-228 affects the conformation of the N terminus and the CD loop.

![**Enlarged view of the interface between N terminus and CD loop of Kir3.2 cytoplasmic domain.** Ribbon models of the structural elements at the interface between the N terminus (*N-ter*) and the CD loop of the C terminus (*C-ter*) of Kir3.2 in the presence (*A*) or the absence (*B*) of Na^+^ are shown in *blue* and *pink*, respectively. The residues important in interactions are shown as *stick* models. Water (*wat*) molecules are indicated by *small spheres. Large spheres* indicate a Cα atom at the terminal residue of the N terminus in each structure. The N termini in the two structures are shown in *dense colors*.](zbc0531041010002){#F2}

In the Na^+^-plus Kir3.2, an imidazole ring of His-69 contacts with the hydroxyl group of Tyr-353 with a distance of 3.0 Å ([Fig. 2](#F2){ref-type="fig"}*A*). This interaction is involved in the hydrogen bond network with water molecules (*wat2* and *wat3* in *A*), partially contributing to the stabilization of the conformation of a β (βA) strand (amino acids 66--70), which is conserved among all Kir channel structures ([@B4][@B5][@B6], [@B18], [@B19], [@B34]). On the other hand, in the Na^+^-free Kir3.2, a βA strand is missing, and an imidazole ring of His-68 approaches to within 2.9 Å of a carboxyl group of Asp-228 on the CD loop, possibly forming an ionic bond ([Fig. 2](#F2){ref-type="fig"}*B*). In addition to this electrostatic interaction, a hydroxyl group of Tyr-353 interacts with His-68 and Asp-228 with distances of 3.4 and 2.7 Å, respectively. Therefore, the direct binding of the N terminus and the CD loop appears to influence the conformation at the interface between them.

#### Functional Implications of Role of Ionic Bond between N Terminus and CD Loop in Kir3.2 Channel Gating

Because neither Gβγ nor Na^+^ was present in the crystallization conditions of the Na^+^-free Kir3.2 cytoplasmic domain, the ionic bond between His-68 and Asp-228 could be involved in the control of the sensitivity of the channel to PIP~2~. To test this possibility, we measured channel activity in inside-out membrane patches from HEK293T cells expressing either Kir3.2 WT or mutant channels ([Fig. 3](#F3){ref-type="fig"}*A*). As noted elsewhere ([@B27]), the increase in current amplitude induced by PIP~2~ in Kir3.2 WT was small, 3.3 ± 1.0% of that evoked by 10 μ[m]{.smallcaps} GTPγS (*n* = 5) ([Fig. 3](#F3){ref-type="fig"}, *A* and *C*). The substitution of an asparagine for Asp-228 (D228N) resulted in a significant increase in the PIP~2~-induced current (39.8 ± 7.7%, *n* = 5), indicating that the D228N mutant is more sensitive to PIP~2~.

![**Effects of amino acid substitution on PIP~2~-induced channel activation.** *A*, effects of PIP~2~ and GTPγS on currents of Kir3.2 WT, D228N, H68Q, and H69Q mutant channels. The channels were expressed in HEK cells and examined in inside-out membrane patches. Experiments were conducted in symmetric 135 m[m]{.smallcaps} K^+^ solutions with a holding potential of −100 mV. The protocol of perfusion of substances to the intracellular side of the patch membrane is indicated *above* the current traces. *Arrowheads* indicate the zero current levels, and *arrows* (*I*/*O*) indicate the time point when the patch was excised. *B*, comparison of residues involved in the interaction between the N terminus and the CD loop. The Cα traces involved in this interaction in the Na^+^-plus and Na^+^-free Kir3.2 structures are colored *blue* and *pink*, respectively. The residues critical for the interaction are depicted as *stick* models. The ends of the N terminus connecting to the slide helix are shown as *spheres. C*, the summary of PIP~2~-induced current amplitudes of WT (*n* = 5), D228N (*n* = 5), H68Q (*n* = 7), and H69Q mutants (*n* = 9) channels (means ± S.E.), which were normalized against that activated by 10 μ[m]{.smallcaps} GTPγS (\#, *p* \< 0.01).](zbc0531041010003){#F3}

The amino acids corresponding to His-68 of Kir3.2 are not conserved among Kir channels (see [Fig. 5](#F5){ref-type="fig"}*B*). However, although the substitution of a glutamine for His-68 (H68Q) produced a functional channel, mutants where His-68 were replaced by either glycine, cysteine, glutamate, tyrosine, or tryptophan dramatically reduced functional channel expression. The H68Q mutant showed a low basal activity associated with PIP~2~ (7.2 ± 1.6%, *n* = 7), which was as low as that observed in the WT ([Fig. 3](#F3){ref-type="fig"}, *A* and *C*). This low sensitivity of the H68Q mutant to PIP~2~ in the absence of channel activators suggests that the contribution of His-68 to the control of the association with PIP~2~ is insignificant in the functional channel. When N termini of the two Kir3.2 structures were compared an imidazole ring of His-69 in the Na^+^-plus Kir3.2 was found at the position equivalent to His-68 in the Na^+^-free structure ([Fig. 3](#F3){ref-type="fig"}*B*). In this case, it could be His-69 that geometrically made an ionic bond with Asp-228. The basal current amplitude associated with PIP~2~ of the mutant Kir3.2 which substituted a glutamine for His-69 (H69Q) was high (30.4 ± 4.8%, *n* = 9). The introduction of a cysteine for His-69 also resulted in PIP~2~ increasing the basal current (30.6 ± 8.4%, *n* = 3) ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.161703/DC1)). Therefore, whereas His-68 binds to Asp-228 in the Na^+^-free Kir3.2 crystal structure, in the functional channel it is His-69 that is more likely to be involved in the control of the interaction with PIP~2~, presumably by forming the ionic bond with Asp-228.

#### Functional Implications of Residues Forming Ionic Bond in Na^+^-dependent Activation

Next, we examined the effect of the mutations on Na^+^-dependent activation. In these experiments, we used ATP instead of PIP~2~ to produce PIP~2~ at the inner leaflet of patch membranes ([@B14], [@B15], [@B27]). Intracellular Na^+^ activated the Kir3.2 WT channel more effectively than GTPγS, with a 130 (± 40)-fold increase with 200 m[m]{.smallcaps} Na^+^ (*n* = 5) ([Fig. 4](#F4){ref-type="fig"}*A*) ([@B27]). The activation by Na^+^ was concentration-dependent with a Hill coefficient of 3.0 ± 0.6 and a half-effective concentration (EC~50~) value of 56.8 ± 7.6 m[m]{.smallcaps} ([Fig. 4](#F4){ref-type="fig"}*E*). The Kir3.2 D228N mutant was defective for Na^+^-dependent activation ([Fig. 4](#F4){ref-type="fig"}*B*). On the other hand, both H68Q and H69Q mutant channels were activated by Na^+^ in a concentration-dependent manner ([Fig. 4](#F4){ref-type="fig"}, *C* and *D*), but the EC~50~ values were increased at least 3-fold compared with the WT ([Fig. 4](#F4){ref-type="fig"}*E*). Furthermore, the amplitude of channel currents supported by H68Q and H69Q mutants elicited by 200 m[m]{.smallcaps} Na^+^ were only 30-fold and 3-fold, respectively, greater than the current induced by 10 μ[m]{.smallcaps} GTPγS. In both cases, the currents elicited by GTPγS were not significantly different from that of the WT. Thus, both mutations appear to reduce the sensitivity to Na^+^. Because H69Q and H69C mutants showed similar susceptibilities to PIP~2~ and Na^+^ ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.161703/DC1)), the effect of these point mutations at position 69 might be due to the elimination of the side chain of histidine, rather than to the particular characteristics of the introduced residues.

![**Effects of amino acid substitution on Na^+^-dependent channel activation.** The effect of Na^+^ on currents of Kir3.2 WT (*A*), D228N (*B*), H68Q (*C*), and H69Q (*D*) mutant channels were examined. Experimental conditions were as presented in [Fig. 3](#F3){ref-type="fig"}. ATP was applied to induce PIP~2~ at the inner leaflet of patch membrane. The Kir3.2 WT currents in the absence of channel activators (\*) and in the presence of ATP alone (\*\*) or ATP and GTPγS (\*\*\*) are enlarged in the *inset* of *A*. The currents activated by various concentrations of Na^+^ were normalized against that activated by 10 μ[m]{.smallcaps} GTPγS (*E*). *N-ter*, N terminus.](zbc0531041010004){#F4}

DISCUSSION
==========

### 

#### Role of Ionic Bond between N Terminus and CD Loop in Conformational Changes in Cytoplasmic Domain of Kir3.2

In crystal structures of full-length Kir channels ([@B4][@B5][@B6], [@B17]), the channels are presumed to be in the closed state, with the physical constraints for ion permeation in the transmembrane domain. The conformation of the cytoplasmic domain in these complete structures is comparable with those of isolated cytoplasmic domains lacking the transmembrane domain ([@B18][@B19][@B20]). Thus, it could be speculated that, in the closed state, the attachment of the transmembrane domain had little effect upon the structure of the cytoplasmic domain. The association of Gβγ and Na^+^ with the cytoplasmic domain activates K~G~ channels by increasing their PIP~2~ sensitivity and do not activate the channels by themselves ([@B7][@B8][@B9]). This mode of regulation implies that their conformational changes may be restricted to the cytoplasmic domain. The structure of the Na^+^-free Kir3.2 would correspond to the closed state, and local structural differences between Na^+^-free and Na^+^-plus Kir3.2 structures would be consistent with this mode of regulation of the channel. Potentially, the structural difference results from the rotational movement of Asp-228, which couples to the movement of the CD loop ([@B20]). Gly-227 adjacent to Asp-228 tends to be conserved within the Kir channel family ([Fig. 5](#F5){ref-type="fig"}*B*), thereby suggesting that Gly-227 underlies the conformational flexibility of the CD loop. Furthermore, the position of Asp-228 in the Na^+^-free Kir3.2 would be stabilized by the positively charged histidine on the N terminus. Although His-68 is involved in the ionic bond with Asp-228 in the crystal structure ([Fig. 2](#F2){ref-type="fig"}), His-69 appears to contact with Asp-228 in the full channel ([Fig. 3](#F3){ref-type="fig"}). This discrepancy between which histidine acts as a partner for the ionic bond with Asp-228 can be attributed to the effect of the region linking cytoplasmic N and C termini. It is also possible that the precise position of Asp-228 in the Na^+^-free Kir3.2 is influenced by conformational changes in the N terminus and/or the linker induced by crystallization. In this case, the CD loop including Asp-228 and the βA strand on the N terminus are structural elements that can change their conformation. Although the absence of a structural model for the open state at the atomic level hampers any rigorous assessment of how the cytoplasmic domain changes its conformation during gating, it might link to the sequential conformational changes in the cytoplasmic domain to control the gate. This is consistent with the results from crystallographic and biochemical analyses of the bacterial Kir channel KirBac3.1 of which the N terminus and the CD loop alter their conformation during gating ([@B17], [@B35]). Thus, we propose a structural model of Kir3.2 in the closed state with an ionic bond between His-69 on the N terminus and Asp-228 on the CD loop ([Fig. 5](#F5){ref-type="fig"}*A*). This ionic bond would be a crucial structural element for Kir3.2 channel activity as a constraint on the conformational changes in the cytoplasmic domain leading to channel opening.

![**Model of cytoplasmic domain of Kir3.** **2 insensitive to PIP~2~ and comparison of amino acid sequences of the interface between the N and C terminus.** *A*, structural model of cytoplasmic domain of Kir3.2 insensitive to PIP~2~. Based on the functional analyses, we propose a model where His-69 on the N terminus directly interacts with Asp-228 on the CD loop. In addition to the electrostatic interaction, a hydroxyl group of Tyr-353 may contact with the side chains of these two residues. *B*, alignments of the amino acid sequences at the interface between the N and the C termini in mouse Kir channels. The residues involved in the direct association and a conserved arginine in the CD loop, which is thought to be crucial for the interaction with PIP~2~, are enclosed by *red* and *blue squares*, respectively. Charged residues in the squares are indicated in *boldface. Numbers above* the alignments correspond to amino acid numbers in the longest isoform of mouse Kir3.2.](zbc0531041010005){#F5}

In Na^+^-sensitive Kir4.1/Kir5.1 channels, the aspartate that corresponds to Asp-228 in Kir3.2 was proposed to reduce PIP~2~ sensitivity by forming a bond with the conserved arginine in the same CD loop (Arg-230 in Kir3.2, [Fig. 5](#F5){ref-type="fig"}*B*) rather than His-69 on the N terminus ([@B30]). This proposal could explain how Na^+^ increases PIP~2~ sensitivity in both the K~G~ channel and the Kir4.1-Kir5.1 complex. However, these two Kir channels are markedly different in their basal activity; the K~G~ channel is constitutively inactive and the Kir4.1/Kir5.1 channel is constitutively active ([@B36]). Thus, the mechanism to maintain the channel in the closed state cannot be accounted for by a bond between the aspartate and the arginine on the CD loop.

The structures of whole Kir channels ([@B4][@B5][@B6], [@B17]) indicate that the N terminus in one subunit associates with the C terminus of the adjacent subunit in functional channel assembly. This implies that the ionic bond between the N terminus and the CD loop in Kir3.2 is an intersubunit interaction. The pair of amino acids forming the bond in Kir3.2 is conserved in Kir3.4, Kir6.1, and Kir6.2, and His-69 in Kir3.2 is also observed in Kir3.1 ([Fig. 5](#F5){ref-type="fig"}*B*). This suggests that the electrostatic interaction between the N terminus and the CD loop may control the conformational changes in the cytoplasmic domain not only in the homomeric K~G~ channels and K~ATP~ channels, but also in the heteromeric K~G~ channels assembled with Kir3.1 and other K~G~ channel subunits.

#### Functional Implications of Residues Involved in Ionic Bond

The Asp-228 in the CD loop of Kir3.2 ([@B27], [@B28]) and the corresponding aspartates in Kir3.4 ([@B16]) and Kir5.1 ([@B30]) are known to be involved in Na^+^-dependent activation of these Kir channels. Furthermore, the histidines equivalent to His-233 in Kir3.2 in the same CD loops in Kir3.4 and Kir5.1 appear to participate in the coordination of Na^+^ ([@B30]). The order of ion selectivity for Kir3.2 activation by monovalent cations is Na^+^ ≫ Li^+^ ≫ K^+^ = Cs^+^ (data not shown) ([@B13]), which corresponds to Eisenman\'s selectivity sequence X ([@B37]). This suggests that the Na^+^-binding site of Kir3.2 consists of an anionic and relatively compact pocket. However, the point mutations at two histidine residues on the N terminus reduced the Na^+^-sensitivity of Kir3.2 ([Fig. 4](#F4){ref-type="fig"} and [supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.161703/DC1)). This may be either an indirect effect upon Na^+^-binding to the site largely contributed to by the CD loop or the conformational changes following the association with Na^+^ ([@B38]). Alternatively, the N terminus might provide additional Na^+^-binding sites associated with channel activation. Because Na^+^ and water molecules have an equal number of electrons, it is difficult to distinguish between them on the electron density map. A high resolution structure of Kir3.2 in the presence of a maximal or supramaximal concentration of Na^+^ would help to address the question of how Na^+^ interacts with Kir3.2.

On the other hand, the histidine residues in Kir3.1 and Kir3.4 (His-57 and His-64, respectively), which correspond to His-69 in the N terminus of Kir3.2, are involved in channel activation by Gβγ ([@B25]). Furthermore, the equivalent histidine in Kir3.4 participates in the inhibition of channel activity by intracellular acidification ([@B39]). Based on our observations, the effect of lowering pH on the reduction of the macroscopic current of Kir3.4 could be attributed to facilitation of the formation of the ionic bond between His-64 and Asp-223 on its CD loop. Thus, these reports strongly support our idea that electrostatic interaction between N and C termini is a mechanism crucial for the control of Kir3.2 channel activity.

#### Activator-induced Conformational Changes in Cytoplasmic Domain

The CD loop possesses an arginine that is conserved among the Kir channel family, and it is thought to be essential for PIP~2~-dependent channel activation ([Fig. 5](#F5){ref-type="fig"}*B*) ([@B16], [@B22]). In addition, some of the Andersen-Tawil syndrome mutations in the CD loop of Kir2.1 cause a reduction in the sensitivity to PIP~2~ ([@B22], [@B23]). The direct interaction between the N terminus and the CD loop, therefore, seems crucial for lowering the sensitivity to PIP~2~ by constraining the conformation of the CD loop via the control of the pivoting movement of Asp-228 ([Fig. 6](#F6){ref-type="fig"}). However, whereas Kir3.2 mutants that lacked the ionic bond showed increased sensitivity to PIP~2~, they were also further activated by Na^+^ and/or Gβγ ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} and [supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.161703/DC1)). Thus, the disruption of this ionic bond is not the only effect of the activators. The coordination of Na^+^ ([@B30]) and multiple contacts with Gβγ ([@B24], [@B26], [@B40]) would also be required for channel activation. Therefore, in addition to the disruption of the ionic bond, the activators appear to induce other conformational changes to further facilitate the sensitivity to PIP~2~ or stabilize the open channel conformation. Taken together, the intersubunit ionic bond between the N terminus and the CD loop seems to be characteristic of K~G~ channel subunits and acts as an inhibitory mechanism for channel activation ([Fig. 6](#F6){ref-type="fig"}). The two different K~G~ channel activators, Gβγ and Na^+^, would disrupt the bond, increase the sensitivity to PIP~2~, and open the gate.

![**Model of conformational changes in the cytoplasmic domain associated with Kir3.2 channel gating.** In the resting state, the N terminus and the CD loop of the cytoplasmic domain interact via an ionic bond. The bond constrains the conformation of the CD loop to maintain the channel in a state less sensitive to PIP~2~. The channel activators, such as Na^+^ and Gβγ, disrupt the ionic bond and allow Kir3.2 to interact with PIP~2~, leading to the opening of Kir3.2.](zbc0531041010006){#F6}
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###### Supplemental Data

The on-line version of this article (available at <http://www.jbc.org>) contains [supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.161703/DC1).

The atomic coordinates and structure factors (code [3AGW](http://www.pdb.org/pdb/explore/explore.do?structureId=3AGW)) have been deposited in the Protein Data Bank, Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ (<http://www.rcsb.org/>).

The abbreviation used is: PIP~2~phosphatidylinositol-(4,5)-bisphosphate.
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